Over the past 4 years the GROMOS96 force field has been successfully used in biomolecular simulations, for example in peptide folding studies and detailed protein investigations, but no applications to lipid systems have been published yet. Here we provide a detailed investigation of aliphatic liquid systems. For liquids of larger aliphatic chains, n-heptane and longer, the standard GROMOS96 parameter sets 43A1 and 43A2 yield a too low pressure at the experimental density. Therefore, a reparametrization of the GROMOS96 force field regarding aliphatic carbons was initiated. The new force field parameter set 45A3 shows considerable improvements for n-alkanes, cyclo-, iso-, and neoalkanes and other branched aliphatics. Liquid densities and heat of vaporization are reproduced for almost all of these molecules. Excellent agreement is found with experiment for the free energy of hydration for alkanes. The GROMOS96 45A3 parameter set should, therefore, be suitable for application to lipid aggregates such as membranes and micelles, for mixed systems of aliphatics with or without water, for polymers, and other apolar systems that may interact with different biomolecules.
Introduction

I
n classical molecular dynamics (MD) simulations the mechanical laws of physics are applied to propagate simulated particles such as atoms and molecules through space and time. Because a fully quantum-mechanical description of the interaction of larger molecules is not feasible, classical MD simulation uses a simpler level of abstraction based on chemical knowledge. Atoms are described as spherically symmetric particles, connected into molecules through covalent bonds and interacting with their noncovalently bound neighbors through van der Waals interactions and, if the interacting particles are charged, through Coulomb-type interactions. The potential energy function that describes the interaction between the particles or atoms is called a force field. 1 Although most biomolecular force fields are based on a similar functional form of the interaction function, they show considerable differences in their parametrization and parameter values. 2 -18 The GROMOS force field has been developed over many years, 10 -16 and, as with all other force fields, the empirical force-field parameters can only be as satisfactory as comparisons of simulated properties against experimental data demonstrate. 19 Here we exemplify that an established force field successfully used over the years in biomolecular simulations of a variety of molecules, such as peptides, 20 -23 proteins, 24 -29 sugars, 30 -32 and nucleotides 33, 34 is not necessarily producing satisfactory results for another class of large molecules, simple aliphatic chains. Although a small set of alkanes representative of the types of aliphatic groups present in proteins (with chain lengths smaller than 7) has been successfully parametrized, 14, 16 the same force field yields a too high density (at 1 atm pressure) or negative pressure (at constant experimental density) when applied to longer alkanes (up to chain length 20). Therefore, a detailed MD investigation of n-alkanes and other aliphatic molecules was undertaken and is presented here together with a new set of GRO-MOS96 force field parameters, called 45A3, that is suitable to systems with aliphatic chains of various lengths, such as alkanes, lipids, and polymers.
The most important experimental properties of a liquid to be reproduced in a simulation are the density (volume or pressure), the heat of vaporization, and the free energy of hydration, as a proper description of mixtures with water is essential for most biomolecular systems. These quantities should be in good agreement with experimental data at room temperature, the temperature of most of the applications of the force field. To achieve this goal one must know the influence of the different force-field parameters on the quantities studied. Therefore, the dependence of these quantities upon different force-field parameters, such as van der Waals or Lennard-Jones C 12 and C 6 coefficients, nonbonded interaction cutoff length, and charge-group size, is investigated first. The next step is to choose a calibration set of molecules for which the force-field parameters are tuned such that in MD simulations of the condensed phase the experimental density and heat of vaporization are reproduced. Previously, a set of nine linear, branched, and cyclic alkanes of short chain length (up to 6 CH n units) was used to this end. 14 This set had been chosen with an eye to the occurrence of aliphatic fragments in proteins, sugars, and nucleotides. However, much larger aliphatic chains are present in lipids and membranes. Therefore, the current reparametrization of the aliphatic CH n atom groups (including n = 0) of the GROMOS96 force field is based on a much larger set of alkanes. For n-alkanes, chain lengths up to 20 (eicosane) were considered.
In the reparametrization of the GROMOS96 force field three sets of molecules were distinguished in regard to their properties in the condensed phase as obtained by MD simulation with the GROMOS96 force field: n-alkanes, cyclo-alkanes, and branched alkanes such as iso-or neoalkanes. Most common in biomolecular simulations, for example, of lipid membranes, will be chains consisting of CH 2 and CH 3 atom groups or united atoms. Consistently, in a first parametrization step, the calibration set was composed of n-alkanes only. Compared to our previous work 14 the set of n-alkanes was expanded beyond hexane (C 6 ) to eicosane (C 20 ).
Methods
For the parametrization of aliphatics, many simulations had to be carried out. Three types of species were considered: n-alkanes, cyclo-alkanes, and branched alkanes (see Tables II-IV) . First, liquid systems consisting of 512 individual molecules of the investigated species in a cubic box were built and equilibrated. For all systems the total number of molecules was the same, which made the computational effort rather different for different molecules, depending on their number of atoms and interactions. The molecular topologies were constructed using the GROMOS96 conventions and standard parameter values (see Table I ). 13, 16 In all simulations the GROMOS96 software 13, 35 was used. A twin-range cutoff scheme with 0.8 and 1.4 nm cutoff radii was applied. The nonbonded interactions in the range between these radii were updated every fifth time step. The time step was 2 fs, and the temperature was kept at 298.15 K using a Berendsen thermostat 36 with a coupling time of 0.1 ps. All bonds were kept constant with the SHAKE algorithm 37 using a relative geometrical tolerance of 10 −4 in the condensed phase simulations and 10 −8 in the in vacuo simulations. For calculating the heat of vaporization, two simulations had to be carried out, as described earlier. 14, 16 The constant volume simulations of the lipids at the experimental density were equilibrated for at least 500 ps, when necessary up to 2 ns, until the average pressure converged. The atomic coordinates and velocities of the final system configuration were used to generate initial positions and velocities for the gas phase simulations. Each individual molecule was translated to a grid point 50 nm apart from the other molecules. This new starting configuration representing a sample in vacuo at room temperature with no intermolecular interactions (long-range cut-loff = 1.4 nm) allows for faster averaging (100 ps) of the gas phase potential energy over the 512 molecules, instead of simulating one molecule over a 512 times longer time period. The difference between the potential energies in the gas phase and the liquid phase is assumed to be directly related to the heat of vaporization (apart from a term RT) because the in vacuo system is considered to be an ideal gas. A calculation of the virial of the equilibrated liquid provides the pressure of the system. With the large number of different molecules investigated an automated procedure 38 -40 for parametrization of the coefficients against the two key properties, heat of vaporization and pressure, was not feasible. Instead, every new parameter set was individually considered and modified, slowly progressing to a desirable degree of consistency. To test the parameters found with this procedure, simulations at constant pressure were additionally carried out to compare the average density against experimental values. The reference pressure was set to the experimental pressure, the pressure coupling time was set to 0.5 ps, and a value for the compressibility κ T was used as determined from separate constant volume simulations as follows. For each molecule, two constant volume simulations of the liquid were carried out at volumes smaller (V 1 ) and larger (V 2 ) than the experimental volume V. These provide the difference in pressures (p 1 and p 2 ) observed upon the change of volume, which yields the isothermal compressibility κ T through eq. (1),
Correct reproduction of the free energies of solvation of molecules or their aggregates in water is crucial for any accurate model description of biomolecular systems. The calculation of the free energy of hydration of molecules by MD simulation is straightforward, for example, by using the thermodynamic integration method. 41, 42 A solute molecule that is interacting with the solvent molecules is in state A. When its nonbonded interactions with the solvent molecules are switched off, it is in state B. A thermodynamic coupling parameter λ is used to smoothly change state A (λ = 0) into state B (λ = 1) and/or vice versa. Individual MD simulations are carried out at a number of λ values in the range [0,1] and the average of the derivative of the Hamiltonian with respect to λ, ∂H/∂λ λ , is calculated for each λ value. The free energy of hydration is then obtained by numerically integrating these averages from λ = 1 to λ = 0. 43 The solute-water systems for the thermodynamic integration calculations were set up as follows. A single aliphatic molecule was introduced into a truncated octahedron box with water (minimum solute to solvent distance of 0.23 nm) such that the solute to wall distance was at least 1.6 nm, or 1.75 nm if the solute molecule conformation had several kinks. This rather large solute to box-wall distance will allow the solute to expand without interacting with its own periodic image when periodic boundary conditions are applied. The number of water molecules in the box was always over a thousand. The simple point charge (SPC) water model was used. 44 The solute-water configuration was energy minimized under periodic boundary conditions using the steepest descent method. Subsequently, the system was equilibrated for 200 ps of MD at room temperature. A reaction-field contribution originating from interactions beyond the long-range (1.4 nm) cutoff distance was added to the forces. 45 A value of 66.6 was used for the dielectric permittivity ε RF of the continuum outside the cutoff sphere, as recently estimated for the SPC model. 46 After equilibration, a 1-ns slow growth simulation 42 was performed as a means to obtain starting configurations and velocities for the simulations at fixed λ values for thermodynamic integration. Initial thermodynamic integration free-energy values were obtained by numerical integration of ∂H/∂λ λ using 21 equally spaced λ values between 0 and 1 (inclusive). Where the curvature of the integrand was large, additional λ values were used. The simulation time was chosen in accordance to the rate of convergence of ∂H/∂λ λ . Typically, 25 λ values were used with equilibration periods of 50 ps and averaging periods of 150 ps, in some cases extended to 350 or even 950 ps. A soft-core λ-dependent interaction function was used to evaluate the solute-solvent van der Waals interactions in the slow growth and thermodynamic integration simulations, with a parameter α LJ of 0.5. 14, 35, 47 Plots of the convergence of the free energy values as function of the number of λ points and the extent of sampling (not shown) suggest that the uncertainty in the numbers shown in Table V (column 45A3) is in all cases below 0.5 kJ/mol.
Results and Discussion
The GROMOS force field makes use of the concept of charge groups. The atoms that belong to a charge group are chosen such that their partial atomic charges add up to zero (or to a multiple of ±e). In the GROMOS nonbonded interaction subroutines the atom-atom nonbonded interactions are calculated for atom pairs within a charge group, and for atom pairs between charge groups. Considering two different charge groups, either all or none of the atom pairs for which one atom belongs to one charge group and the other atom belongs to the other charge group are contributing to the nonbonded force. This implies that the charge groups should be approximately spherical, and that if the largest charge groups in the system are of diameter d, the nonbonded cutoff radius R c must be chosen much larger than d in order to avoid omission of atom pairs from neighboring charge groups in the calculation of the nonbonded forces. If charge groups in alkanes are too big, i.e., if the number of charge groups per alkane molecule is too small, the missing nonbonded interactions will be reflected in a too high pressure, because attractive van der 
FIGURE 2.
Examples of charge-group definition for a set of uncharged aliphatic molecules. Definition of charge group boundaries (dashed lines) as used in the simulations using the GROMOS force field. The examples of united-atom aliphatic hydrocarbon structures have been ordered according to the following set of rules: (1) if the total number of united atoms in a molecule is less or equal to 4, use one charge group for the whole molecule; (2) if the total number of united atoms in a molecule or a molecule fragment is equal to 5, use: (A) if the maximal width of the molecule corresponds to the span of one bond angle, one charge group, (B) else follow rule (3) accordingly; (3) for molecules not subject to rules (1) and (2A), e.g., with more than five united atoms do take all CH 3 united atoms into single charge groups. The remaining structure should be judged using rule (2) , before the remaining fragments are divided into segments of two atoms per charge group and three atoms per charge group. The united atoms of each structure have been numbered and the charge-group codes (0 or 1) of the corresponding GROMOS96-topology building blocks are displayed below each structure.
FIGURE 3. (top)
Liquid key properties of n-alkanes using GROMOS96 liquid force fields 43A1 13, 14 and 43A2. 16 GROMOS96 force fields 43A1 (×) and 43A2 (+) have been tested for a series of n-alkanes (ethane to eicosane). Whereas the heat of vaporization is close to experimental values ( ) for both force fields-with a slight improvement of 43A2 over 43A1-the pressure in a constant volume simulation drastically drops below zero beyond a chain length of 6 (n-hexane). The jump in simulated values obtained using force field set 43A1 occurs beyond chain length 14, where these alkane structures crystallized after equilibration. (bottom) Results for the new set 45A3 ( ). The van der Waals parameters of CH 2 and CH 3 united atoms have been successfully reparametrized to reproduce heat of vaporization and pressure at constant volume at room temperature.
Waals forces are then neglected. This is illustrated in Figure 1 for MD simulations of liquid n-hexane ( ) and liquid n-nonane ( ). In Figure 2 , the recommended charge group definitions for alkane molecules modeled using the GROMOS force field are displayed. A charge group contains at most five atoms, which are separated (except for n-butane) by at most two bonds. This charge group definition yields accurate results when used in conjunction with a 1.4 nm cutoff distance for nonbonded interactions. We note that the use of charge groups is computationally efficient even for a model in which atoms bear zero partial charge, because neighbor searching is faster for charge groups than for atoms, as long as there are charge groups containing more than one atom.
The performance of the GROMOS96 force-field parameter sets 43A1 13, 14 and 43A2 16 with respect to MD simulation of single chain alkanes of length 2 to 20 in the condensed phase is shown in Figure 3 (top). The original GROMOS96 parameter set 43A1 (×) reproduces the experimental heat of vaporization of liquid n-alkanes ( ) up to a chain length of about 14 and yields excellent agreement for n-alkanes of length 3 to 7. The more recent parameter set 43A2 (+) yields good agreement up till a chain length of 20. However, both parameter sets fail to reproduce the correct pressure in constant volume simulations at the experimental density of the liquids. This observation forced us to reconsider the van der Waals parameters for the CH 2 and CH 3 united atoms in the GROMOS force field. These atoms are abundant in systems composed of lipids and their parameters will affect the simulated density and energy of membranes. A reparametrization of the CH 2 and CH 3 van der Waals parameters for the whole set of n-alkanes led to a satisfactory result, as is shown in Figure 3 (bottom) . The new set of parameters is called 45A3. A detailed look at constant volume and constant pressure simulation results obtained with parameter set 45A3 is offered in Table II . Three things are important to mention. First, for the smallest molecule, ethane, the united atom model used could not be parametrized to reproduce the density and heat of vaporization at the same time. Ethane always did evaporate after a finite simulation period at constant pressure conditions, and CH 3 van der Waals parameters that reproduce both the experimental density and enthalpy could not be found. Second, in molecular dynamics simulation Columns four and six show the results from constant volume simulations with which the parametrization was undertaken. The third column shows experimental heat of vaporization to which simulated results in the fourth column can be compared. Corresponding experimental and simulated pressures are given in columns five and six. Columns seven through nine compare experiments with constant pressure simulations. Column seven contains the calculated head of vaporization at constant pressure to compare with columns three and four. The obtained density is reflected in columns eight and nine which contain the experimental and simulated volumes. All experimental data in columns three, five, and eigth was taken from ref. 54 . For some molecules the experimental isothermal compressibility taken from CRC Handbook of Chemistry and Physics is given in column ten. Isothermal compressibility from simulations is shown in the last column. Except for the smaller n-alkanes indicated with two asterisks, these values have directly been used for the pressure coupling simulations. In the case of the smaller n-alkanes an increase of the pressure coupling time τ p to 5 ps instead of 0.5 ps was necessary to keep the volume constant. However in the case of ethane (one asterisk), the liquid evaporated into the larger volume of 291.37 nm 3 after about 100 ps.
the pressure is more sensitive than the density to changes in force-field parameters, i.e., parametrization based on fitting to the experimental pressure in constant volume simulations is more precise than one based on fitting to the experimental density in constant pressure simulations. In practice, if in a constant volume simulation the pressure deviates less than 100 atm from the experimental value (usually 1 atm), the corresponding constant pressure simulation will closely reproduce the experimental density or volume. With this approach perfect agreement in volume could be achieved, with errors below 0.5% for most of the n-alkanes investigated. Third, at constant volume a slight increase of pressure with chain length is noticeable going from n-hexane to n-heptadecane, after which the pressure slightly decreases again. This may reflect the experimental observation that n-heptadecane should be liquid at room temperature (melting point 295 K) whereas n-octadecane should be still solid (melting point 301 K). In the literature another united atom model was found that was mainly used for C44 chains. 48 The CH 2 and CH 3 parameters of our new GROMOS96 45A3 parameter set are closer to the values used in ref. 48 for polymer melts (σ = 0.4 nm for both, ε = 0.389 kJ mol −1 for CH 2 and ε = 0.947 kJ mol −1 for CH 3 united atoms, compare to Table VI) CH 3 ) derived in ref. 49 for n-alkane phase equilibria. The next step was to investigate cycloalkanes in a series from cyclobutane to cyclo-octane using the new CH 2 parameters. The pressure at constant volume increased to about 1000 atm for all cycloalkanes. This meant that either CH 2 parameters had to be compromised to fit experimental data for n-alkanes and cycloalkanes, thereby loosing the excellent agreement for the more relevant n-alkanes, or a new CH 2 united atom type for cycloalkanes had to be introduced, as had already been done earlier for CH groups in aromatic rings. 13 The latter option was chosen, and an atom type 44 named CH2r (r for ring) was introduced in the GROMOS96 force field. Table III shows some properties of cycloalkanes obtained with the optimized parameter set 45A3. Our aim was to achieve good agreement with experiment primarily for cyclohexane, the most common species and widely used as organic solvent. 50 -52 It was possible to keep the pressure and volume close to the experimental values for cyclohexane and larger rings, but not for the smaller ones. The geometry of smaller rings is unfavorable for the dihedral angle potentials (type 17) and bond-angle bending potentials (type 14) used (Table I) . Thus, relative to the experimental values, in the simulations at constant pressure the densities of cyclopentane and cyclobutane were off by 5 and 12%, respectively, and the heats of vaporization were off by 3 and 8%, respectively. The 45A3 parameter set will be applicable to most mixed systems of linear and cyclic alkanes.
The next step was to consider branched alkanes, for example, isoalkanes and neoalkanes that contain two other (united) atom types, CH 1 , and CH 0 . The latter has been introduced as a new atom type 45, because the bare carbon with atom type 11 was initially designed for use in planar groups, for example, carbonyl and aromatic groups, and not for tetrahedral carbons. Table IV shows species by their name and the atom types involved, together with simulated and experimental properties. Some of the selected species are of more relevance regarding their occurrence as structural elements in biomolecular systems than others. In such systems methylated branches occur as in isoalkanes. 4-Propylnonane and 6-methylundecane have larger branches, and were chosen as test molecules because they have been used as actual lipid tails in experiments 53 and because they combine the CH 1 center with shorter and longer chains. The species isobutane, isopentane, 6-methylundecane, and 4-propylnonane, which show increasing interactions of the CH 1 central atom with CH 2 instead of CH 3 , show properties in close agreement to the experimental data. The series isobutane, 2,3-dimethylbutane, 2,3,4-trimethylpentane, 2,3(R),4(S),5-tetramethylhexane covers the interaction between CH 1 and CH 3 united atoms. It is noticeable how the pressure is reduced towards longer chains. It was impossible to find a parameter set that does not show this trend without having bad side effects on interactions of other atoms (CH 2 , CH 0 ) with CH 1 atoms. It is known from experiment that tetramethylhexane should not solidify at room temperature. It does not in our simulations either, but the observed drop in pressure with increasing chain length indicates that this process might have started. However, experimental results given in ref. 54 for tetramethylhexane do not mention that it consists of a racemic mixture of two diastereomers. Three independent simulations were performed to check whether the RS and the RR compounds are different in their properties or if the racemic mixture (1:1 in a first approximation because no synthesis description indicative of a particular distribution was found) gives results closer to the experimental properties with the chosen parameter set. After a long equilibration of 1.5 ns, differences in the liquid properties are negligible, and this might explain why none of the experimental reports mentions stereospecificity. Combinations of a tetrahedral carbon and CH 3 groups occur in the series neopentane, tetramethylbutane, and hexamethylpentane. Here, again, the smaller molecules fit the experimental properties much more easily than the larger one. Hexamethylpentane is a solid at room temperature, it melts at 64-66
• C, 55 which is reflected in the large negative pressure in the constant volume simulation. A fully methylated chain is rare in nature, and therefore, of less relevance in biomolecular simulations. Further investigations might consider parameters of dihedral angle torsional potentials involving CH 1 and CH 0 tetrahedral carbon atoms to improve the properties of this series, in the same way as the change from the GROMOS96 43A1 parameter set to the 43A2 parameter set involved a substantial improvement for dihedral potentials of n-alkane chains. Finally, a combination of the CH 0 carbon with CH 2 and CH 1 united atoms was tested by considering 3,3-diethylpentane and 2,2,3-trimethylbutane, respectively. Surprisingly, while tetramethylbutane is a solid at room temperature, the related 2,2,3-trimethylbutane is liquid. Indeed, we see this feature confirmed in our simulations with the new force-field parameters. The CH 1 parameters of our new GROMOS96 45A3 parameter set are closer to the values derived in ref. 49 for isobutane phase equilibria (σ = 0.465 nm and ε = 0.0831 kJ mol −1 ) than to the older 43A1 or 43A2 parameter values.
After the 45A3 parameter set had been obtained it still had to prove its applicability to mixed water/solute systems. Therefore, free energies of hydration were calculated for a number of selected compounds, as described in the Methods section. GROMOS96 uses different van der Waals C 12 parameters for the oxygen atom types OW of SPC water, depending on whether it interacts with an apolar or a polar (hydrogen bond donor or acceptor) atom. Thus, in a mixed alkane-water system the C 1/2 12 (1) of OW is used for interactions with CH n atoms and the C 1/2 12 (2) is used for water-water interactions. Because of the changes made in the van der Waals parameters of the aliphatic groups, the C 1/2 12 (1) of OW had to be reparametrized (Table VI) (Table VI) , which improves the transferability of the model. The new force field 45A3 reproduces not only the free energies of hydration of n-alkanes excellently, but also that of other cyclic or branched species (Table V) . Specifically, the somewhat more moderate performance for cycloalkanes may be explained with the many energetically different conformations adopted by these molecules in the experiment, which are not sampled sufficiently by one solute molecule in water within finite simulation time. It can be assumed that the general and good agreement with the experiment will provide manyfold advantages for studying mixed systems of apolar substances with water, micellar, or other lipid aggregates in water, or inverted micelles in apolar solvents.
Conclusions
Since GROMOS96 was developed, several suggestions for changes to the force field have been made. 56 -58 All of them affect only small molecules or have little impact on biomolecular simulations of peptides and proteins. The changes suggested here are more dramatic, because they consider all (hydro)carbon (united) atoms present in the force field of GROMOS96 except the aromatic CH united atom CR1 (atom type 16) that was used for benzene and other aromatic rings. The changes in the GROMOS96 force field introduced with the parameter set 45A3 will affect every molecule containing aliphatic atoms (types 11 through 14). The differences between parameter sets 45A3, 43A2, 16 and 43A1 14 are summarized in Table VI . The CH 2 and CH 3 united atom parameters were optimized for liquid n-alkanes and kept fixed throughout the rest of the parametrization procedure. A new CH 2 atom type, CH2r, had to be introduced to reproduce the experimental data for cycloalkanes. A CH 2 united atom that would be appropriate for simulation of both n-alkanes and cycloalkanes could not be modeled. Finally, branched alkanes led to new CH 1 parameters and to a new CH 0 atom type (aliphatic bare carbon), which were used in combination with the previously derived CH 2 and CH 3 parameters.
Most force field development for classical molecular dynamics is nowadays either based on ab initio quantum-mechanical calculations or on experimental properties of the molecules investigated, or on a Tables II, III combination of both. The task of parametrization of a force field is very time consuming, not because the systems investigated are large but because the number of systems that have to be investigated is large. A larger calibration set of molecules (or pure systems) and their corresponding properties, to which the chosen parameters are fitted, will always lead to a more general force field than a smaller calibration set. The well-balanced GROMOS96 force-field parameter set 43A1, which produces fine results for a variety of biomolecules, did fail for long (more than 6 carbons) n-alkanes. It is, therefore, recommended to include at least one or a few long-chain species in the calibration set. With this philosophy in mind, it was shown that the new 45A3 parameter set perfectly fits n-alkane species longer than propane. A limitation of the force field lies in the very small n-alkanes and cycloalkanes. The essential features of these molecules are not captured in a united-atom model and harmonic bond-angle bending potentials may be insufficient to describe, for example, the ring puckering of cyclopentane. Properties of larger cycloalkanes are reproduced very well with the new GROMOS96 atom CH2r (type 44), especially those of cyclohexane. Properties of smaller branched aliphatics or larger aliphatics with few branches are also reproduced well. Only for highly methylated longer chains it seems difficult to come close to experimental densities and energies.
Finally, has been shown that after reparametrization of the van der Waals C 1/2 12 (1) oxygen (OW) parameter of the SPC water model for interactions with nonpolar atoms, the experimental free energies of hydration of alkanes are reproduced within the limits of accuracy of the thermodynamic integration method. 13, 14 Set A2 (43A2) was published in ref. 16 and contained improved dihedral angle energy potentials and 1-4 van der Waals parameters for liquid n-alkanes, whereas set A3 (45A3) is the one presented here considering a larger set of aliphatic hydrocarbons for parametrization against liquid properties.
